GABAergic medium-spiny neuron axons not only form the principal projections of the nucleus accumbens (nAcc) but also branch locally in a dense network overlapping their own dendrites, suggesting that their recurrent synapses mediate the major information processing functions of the nAcc. We used postnatal nAcc cultures to study these synapses individually.
In culture, as in the intact nAcc, medium-spiny neurons account for over 95% of the cells and are GABAergic. Strikingly, these neurons showed a spike afterhyperpolarization (AHP) that was largely blocked by the GABA, antagonist bicuculline. The bicuculline-sensitive AHP occurred without or with latency, and met criteria for monosynapticity; consistent with this, dye fills showed the presence of recurrent axons and a low incidence of dye coupling. Blockade of Ca2+ influx eliminated this autaptic PSP, while TTX almost completely eliminated it, indicating that it is due to exocytic GABA release principally at axodendritic contacts. While blocking GABA, receptors had no direct effect on the autaptic PSP, activating these receptors with baclofen produced presynaptic inhibition, as well as directly mediated hyperpolarization;
together, these actions increased the signal-to-noise ratio in the cellular response to synaptic inputs. Bicuculline also increased the signal-to-noise ratio; in addition, it induced burst firing and depolarization inactivation. In contrast, the indirect GABA agonist flurazepam and the GABA uptake blocker nipecotic acid each enhanced autaptic PSPs. Since autapses formed in vitro appear to be functionally equivalent to synapses between neighboring mediumspiny neurons that receive similar inputs, these results bear on the function of intrinsic GABA synapses in the intact nAcc. Thus, intrinsic GABA synapses are likely to regulate the signal-to-noise ratio in nAcc information processing and may be important targets for the modulatory actions of endogenous neurotransmitters and drugs. [Key words: nucleus accumbens, medium-spiny neuron, local axon collateral, autapse, GABA synapse, baclofen, limbit system, cell culture, signal-to-noise ratio]
The nucleus accumbens (nAcc) is the major component of the ventral striatal complex and is thought to serve in the integration of behavior in an analogous way to the striatum in the organization of movement (cf. Carlsson and Carlsson, 1990; Smith and Bolam, 1990; Schultz et al., 1992) . The similarity in function is borne out by the close resemblance between these two divisions of the striatal complex-they share a similar cellular makeup, and receive their main excitatory input from cortical afferents and modulatory dopaminergic input from the ventral midbrain (cf. Gerfen, 1988; Totterdell and Smith, 1989; Smith and Bolam, 1990; Sesack and Pickel, 1992) . The principal neurons of the striatal complex are GABAergic medium-spiny neurons that comprise over 95% of the total neuronal population (cf. Gerfen, 1988; Smith and Bolam, 1990) . The axons of these cells form the projections of the nAcc, as well as dense networks within the nAcc overlapping their own dendrites (Bishop et al., 1982; Chang and Kitai, 1985; Penny et al., 1988; Kawaguchi et al., 1989 Kawaguchi et al., , 1990 O'Donnell and Grace, 1993) . These local axon collaterals account for most ofthe GABA synapses in the striatal complex (Bolam et al., 1985; Pasik et al., 1988; cf. Gerfen, 1988; Smith and Bolam, 1990) , suggesting that medium-spiny neurons mediate the main information processing functions of the nAcc as well as conveying information to projection areas. Consistent with these observations, local infusion of GABAactive agents in the nAcc produces potent behavioral effects (Kerwin et al., 1979; Kuruvilla and Uretsky, 1984; Morgenstern et al., 1984; Worms et al., 1987; Kafetzopoulos, 1988; Austin and Kalivas, 1989; Plaznik et al., 1990; Stefanski et al., 1990; Wong et al., 199 1) . However, the intricacy of the synaptic connections in vivo and the multiple sites of action of these agents (Kito et al., 1986; Kovalev and Hetey, 1987; Zetterstrom and Fillenz, 1990; Uchimura and North, 1991) makes discerning the function of these intrinsic nAcc GABA synapses difficult. Intra-nAcc stimulation usually evokes GABAergic synaptic potentials associated with glutamatergic as well as other excitatory components (Chang and Kitai, 1986; Higashi et al., 1989; Uchimura et al., 1989; Uchimura and North, 1991) . Even though GABA-mediated components may be isolated pharmacologically, it has been difficult to distinguish the portion of the PSP due to activation of medium-spiny neurons, GABA intemeurons, or GABA afferents. Indeed, GABA inputs from different sources to the same cell may have different actions (cf. Lacaille et al., 1987; Johnson et al., 1992; Sugita et al., 1992) .
We have used postnatal cultures to examine GABA synapses formed by nAcc medium-spiny neurons and found that-unlike most central neurons grown in monolayer cultures-nearly all of these neurons make recurrent GABA connections or autapses (cf. van der Loos and Glaser, 1972). These autapses make pos- Figure 1 . Identification of medium spiny nAcc neurons in vitro. A, nAcc neuron cultures are composed of a homogeneous population of mediumsized cells (10-l 5 pm in diameter), and a minority population of larger cells. As seen here, all but one of the neurons (white arrow) are GABAergic based on immunoreactivity for the GABA synthetic enzyme glutamic acid decarboxylase. Overall, over 95% of the medium-sized neurons are
GABAergic. Note the intense staining of the neurites extending from the cell cluster. B, In a sister culture, only one neuron in a similar cluster stains for the acetylcholine synthetic enzyme choline acetyltransferase (black arrow). Overall, less than 5% of the cells, which tend to be larger (15-25 pm), are cholinergic. C, In an nAcc cell filled with sulforhodamine (10 NM) (printed as a negative), the more distal dendrites are seen to be studded with spines.
sible the characterization of the properties of single intrinsic nAcc GABA synapses and their potential impact on nAcc information processing.
Portions of this work have been presented in abstract form .
Materials and Methods
Cell culture. Postnatal nAcc cells were cultured following methods described previously for midbrain dopamine neurons . Briefly, the brains of anesthetized PI-PI 1 Sprague-Dawley rat pups were placed in ice-cold phosphate-buffered saline, and the nAcc isolated following its borders, which, by postnatal life, largely resemble those in the adult (cf. Paxinos et al., 1991) . To accomplish this, (1) the brain was cut coronally at the level of the hypothalamus, (2) the anterior brain was hemisected, (3) 2-mm-thick horizontal slices were cut at the level of the anterior commissure, (4) from each, a 2 mm coronal strip was cut just anterior to the anterior commissure at the midline, and (5) the nAcc, marked by the anterior tip of the lateral ventricle, was isolated by removing medial (olfactory tubercle) and lateral (striatum) parts of the strip. The resulting 2 mm3 tissue segment was cut into 1 mm cubes and dissociated using papain (Worthington; cf. Baughman et al., 1991) . Cell suspensions were plated onto confluent cortical glia monolayers. Growth medium consisted of 47% MEM, 40% DME, 10% Ham's F-l 2, 4.5 mg/ml glucose, 0.25% albumin, 0.5 mM glutamine, 100 &ml transfenin, 15 ELM putrescine, 30 nM Na,SeO,, 30 nM T,, 25 &ml insulin, 200 nM progesterone, 125 nM cortisol, 5 r&ml superoxide dismutase, 10 &ml catalase, 0.5 mM kynurenate (all from Sigma), and 1% supplemented-defined young calf serum (Hyclone). Proliferation of nonneuronal cells was suppressed with 5-fluorodeoxyuridine in uridine (Sigma) the following day. Cultures were then left undisturbed till recording.
Electrophysiology. Cells were visualized on an inverted microscope (Zeiss) with Hoffman modulation optics and continuously perfused with oxygenated extracellular solution containing 135 mM NaCl, 3 mM KCl, 2 mM CaCl,, 2 mM MgCl,, 10 mM glucose, and 10 mM HEPES, pH 7.4, at room temperature. Electrodes were fabricated from glass capillaries (o.d. = 1.5 mm) using a P-8O/PC Flaming-Brown Micropipette Puller (Sutter). The intracellular solution contained 140 mM K-gluconate, 0.1 mM CaCl,, 2 mM MgCl,, 1 mM EGTA, 2 mM ATP, 0.1 mM GTP, and 10 mM HEPES, pH 7.25; electrode resistance measured about 5 MQ. Following formation of a GQ seal, whole-cell mode was achieved with brief suction. Voltage and current signals were recorded using an Axopatch 200 interfaced to a 386 PC running ~CLAMP (Axon). Off-line data analysis was performed in PCLAMP and Microsoft EXCEL using macros written by the authors to align spikes and do averaging. Numerical data are expressed as mean * SEM. Reported resting potentials include a tip potential correction of 25 mV.
Morphological analysis. The transmitter status of nAcc neurons was examined immunohistochemically using polyclonal antisera (Chemicon) to glutamic acid decarboxylase as a marker for GABA neurons and choline acetyltransferase as a marker for cholinergic neurons. The antisera were each used at a 1:5000 dilution and visualized with a Vectastain Elite kit and diaminobenzidine.
To follow the elaboration of processes of individual medium-spiny GABA neurons, cells were filled with 0.1% Lucifer yellow (lithium salt) or 1 O-20 PM sulforhodamine by addition of the dyes to the intracellular solution. After completion of the electrophysiological examination of the cells, injected cells were visualized under fluorescein or rhodamine epifluorescence and images made with a chilled CCD camera (Photometrics Star 1); the resulting digital images were processed using NIH IMAGE 1.49 (Wayne Rasband).
Drugs. CGP35348 was generously provided by Ciba Geigy (Switzerland); baclofen, muscimol, bicuculline, saclofen, kynurenate, flurazepam, and nipecotic acid were obtained from Research Biochemicals Inc.; other agents were obtained from Sigma. All drugs were dissolved in the normal perfusate and applied through a U-tube local perfusion system (Oxford and Wagoner, 1989; Reichling and MacDermott, 199 1) or puffers. For puffers, we used drug-filled pipettes with 5 pm openings positioned 20-50 Frn away from the recorded cell; drugs were ejected with controlled compressed air pulses of 5-10 psi for 0. l-l .O set (Medical Systems).
Results

Postnatal nAcc neurons in culture
In postnatal nAcc cultures, the vast majority of neurons (>95% decarboxylase (GAD) (Fig. 1A) . The minority of cells (~5%) were somewhat larger (15-25 Frn in diameter) and stained for choline acetyltransferase (CAT) (Fig. 1B) . These percentages closely match the percentages of GAD+ and CAT+ cells in postnatal striatal cultures (Dubinsky, 1989) . Ventral midbrain cultures run as controls showed about 75% GAD+ and 0% CAT+ neurons, in line with the expected frequencies of these neurons in these cultures. When medium-sized cells were dye filled, spines were readily apparent on their more distal dendrites (Fig. 1 C) . These observations, together with their electrophysiological properties and synaptic physiology (see below), identify the medium-sized neurons as GABAergic medium-spiny neurons. We made whole-cell recordings from 133 medium-sized nAcc neurons cultured for an average of 22 d (range 6-46 d). The resting membrane potential of these cells ranged from -76 to -94 mV (mean, 83.7 + 0.3, IZ = 85) and was stable throughout the recordings (0.5-4 hr). As compared to the results of Dubinsky (1989) in postnatal striatal cultures, the higher resting potentials we observed are probably due to lower [K+] ,. Cells never fired spontaneously, though synaptic activity was occasionally observed. Input resistance determined by small hyperpolarizing pulses (< 10 mV) near resting membrane potential measured 1098 rfr 156 MO (n = 25). Intracellular depolarizing current injection ( Fig. 2A) or application of glutamate (lo-100 WM) evoked action potentials preceded by a slow depolarization. Action potential amplitude measured from rest was 100.2 f 1.2 mV (n = 84) with a duration of 2.7 ? 0.1 msec (measured at half amplitude; n = 84). With long depolarizing current steps, cells fired repetitively and accommodated with strong depolarization ( Fig. 2B,C) . When cells were hyperpolarized, a timeand voltage-dependent membrane rectification was observed in 7 1% of cells (n = 14) (Fig. 20) . TTX (1 kg/ml) reversibly blocked both the slow depolarization and the action potential (Fig. 2E,) . During TTX, larger depolarizing current steps evoked a depolarizing potential that was reversibly blocked with Co*+ (Fig.   2E,) , showing the presence of high-threshold Ca2+ spikes in these cells. In comparison to the slice (Uchimura et al., 1989; Pennartz and Kitai, 199 1; Uchimura and North, 199 l) , nAcc cells in culture showed higher input resistances and broader spikes, which could be due to the lower recording temperature, different extra-and intracellular solutions (e.g., Church, 1992) whole-cell recording (Staley et al., 1992) or the absence of afferents in culture.
Spike afterhyperpolarization
In all the cells studied, action potentials were followed by an afterhyperpolarization (AHP). The duration and amplitude of the AHP increased with depolarization and reversed with hyperpolarization,
showing a reversal potential of -75.5 to -95.3 mV (-86.8 ? 2.0, measured under voltage clamp; y1 = 9); both the duration and amplitude of the AHP diminished with repetitive firing. In 38% of cells (n = 84) an inflection in the falling phase of AHP was observed, suggesting that the AHP had more than one component ( Fig. 3A , left; C). In these cells, the delayed AHP component exhibited a latency of 2.8-9.2 msec (4.9 + 0.3, measured from the peak of the action potential to the start of inflection; n = 32). For a given cell, this latency was fixed. The amplitudes of the delayed AHP component varied over a range from 2 to 33 mV (13.3 + 1.4, y1 = 32, measured from the start of the inflection to the point of maximum AHP negativity).
The AHP was reversibly blocked by Co*+ (2 mM) or Cd*+ (0.1-0.2 mM), consistent with mediation by a Ca2+-dependent K+ current. However, the delayed AHP component in some cells led us to suspect that it might be mediated by recurrent synaptic connections that would also be blocked by Ca*+ channel antagonists. To test this possibility, we used bicuculline (GABA, antagonist, l-100 FM, y2 = 80) saclofen (GABA, antagonist, lo-200 PM, n = 6), CGP35348
(GABA, antagonist, 500 FM, n = 4), or kynurenate (broad-spectrum glutamate antagonist, 1 mM, y2 = 4). Bicuculline dose-dependently attenuated and blocked the delayed AHP component in all cells tested (Fig. 3A ,C), whereas the other agents were without effect ( Fig. 3B , C). To our surprise, in nearly all the remaining cells that showed no inflection in the falling phase of AHP, bicuculline also attenuated the AHP (Fig. 3A, right) . Overall, 95% of the cells tested (n = 80) showed bicuculline-sensitive AHP components. In addition to its effect on the AHP, bicuculline also induced a small change in resting membrane potential in 33% of the cells examined (26 of 79). Among these, 58% showed a depo- (20 WM) blocks the AHP (arrow), while the GABA, antagonist CGP35348 (500 PM) has no effect. C, In another cell, the glutamate antagonist kynurenate (1 mM) and the GABA, antagonist saclofen (100 PM) are applied.
Unlike bicuculline (100 FM), which blocks the AHP, neither kynurenate nor saclofen has any significant effect. Dotted traces show the recordings under control conditions for comparison. Note the clear inflection in the AHP of this cell (arrow). Cells in this panel are stimulated with a current step beginning at the onset of the trace (not shown); each trace is the average of five recordings made after aligning the spikes; the small spikes during bicuculline are asynchronous action potentials reduced in apparent amplitude by averaging.
larization
(1.8 -+ 0.3 mV, n = 15) and 42% showed a hyperpolarization (-2.8 & 0.8 mV, n = 11). Since bicuculline attenuated the AHP without an effect on resting membrane potential in most cells, and similar degrees of depolarization or hyperpolarization induced by current injection did not block the AHP (data not shown), it is unlikely that blockade ofthe AHP resulted from changes in resting membrane potential.
Origin of bicuculline-sensitive AHP
The bicuculline-sensitive AHP was reliably evoked by action potentials in the recorded cell and occurred with a fixed latency ( Fig. 4A ), suggesting that it was monosynaptically mediated. To examine this further, we increased extracellular Mg2+ concentrations (4-15 mM, n = 4) to raise spike threshold and thereby block activation of intemeurons in a polysynaptic pathway. While elevated Mg2+ markedly increased spike threshold and decreased the size of spontaneous synaptic potentials (Fig. 4B ), the bicuculline-sensitive AHP occurred with the same latency as under control conditions (Fig. 4B) , strongly suggesting that the bicuculline-sensitive AHP is monosynaptically mediated and thus is due to autaptic GABA release.
To rule out the possibility that the recorded neuron made an electrical synapse on a GABA cell that synapsed back onto the recorded cell (although interneurons receiving electrical synapses would also be less likely to fire in elevated Mg'+), we filled cells with Lucifer yellow, which crosses gap junctions between striatal neurons (Cepeda et al., 1989) . In 20 cells examined, there were two instances of dye coupling. In the remaining 18 cells, only the recorded cell was labeled; of these, 17 showed a bicuculline-sensitive AHP. Thus, the incidence of dye coupling-which was lower than in the slice (Cepeda et al., 1989)-did not occur often enough to account for the observed frequency of bicuculline-sensitive AHPs. Finally, ifthe bicuculline-sensitive AHP was indeed mediated by recurrent axon collaterals and was monosynaptic, one would expect to see close appositions between the axons of recorded cells and their dendrites. When examined at high magnification (n = 3) dye-filled cells with bicuculline-sensitive AHPs elaborated axons that made multiple contacts with the dendrites of the same cell (Fig. 5) . Taken together, these lines of evidence support the idea that the bicuculline-sensitive AHP recorded in postnatal medium-sized nAcc neurons in culture is autaptically mediated.
Ca2+ dependence of bicuculline-sensitive AHP GABA can be released by two mechanisms, which have been described in striatal neurons: Ca *+-dependent vesicular release or Ca2+-independent reversal of uptake (Pin and Bockaert, 1989 To distinguish between the contribution of these mechanisms to the bicuculline-sensitive AHP, we perfused cells with zero Ca*+, 4 mM Mg2+ medium. Although cells still fired action potentials when depolarized, the bicuculline-sensitive AHP was completely blocked (n = 5; Fig. 6A ). We ruled out the possibility that this was due to an altered response of the cell to released GABA by direct application of the GABA, agonist muscimol in control and in zero Ca*+, 4 mM Mg2+ medium. Puffs of muscimol produced either an outward current under voltage clamp or a hyperpolarization under current clamp (Fig.  6B ). The effect of muscimol was reversibly blocked by bicuculline (20-100 PM) and persisted in the presence of TTX, consistent with a direct action mediated by GABA, receptors (Fig.  6B) . In zero Ca*+, 4 mM Mg2+ medium, the outward current induced by muscimol (n = 3) was either unchanged or slightly potentiated, while the bicuculline-sensitive AHP was completely blocked. Furthermore, rather than inhibiting the bicucullinesensitive AHP, which would be expected if it was mediated by reverse action of the GABA uptake transporter, the GABA uptake blocker nipecotic acid prolonged the bicuculline-sensitive AHP (see below).
We also examined the effects of Co2+ (2-4 mM, n = 6) and Cd" (100-200 WM, n = 3) on the bicuculline-sensitive AHP. Both Ca*+ antagonists inhibited the bicuculline-sensitive AHP; however, unlike zero Ca*+, 4 mM Mg2+ medium, they also markedly attenuated muscimol-induced responses, consistent with an additional postsynaptic effect of these ions (Fig. 6B) . Since zero CaZ+ , 4 mM Mg2+ medium had no effect on muscimolinduced responses, reduction of Ca2+ influx into the postsynaptic neurons alone does not account for this effect of Co2+ or Cd2+. Short and long latency AHPs As described above, the bicuculline-sensitive AHP immediately followed spikes in the majority of cells, whereas in a minority, it occurred with a delay. Both kinds of AHPs met criteria for being autaptically mediated. What then accounts for the difference? In the AHPs with a delay, the constant latency and the sharp inflection at its onset strongly favor mediation by longer axon collaterals (see Discussion). AHPs without delays could be mediated by shorter axon collaterals with minimal conduction times or by somatodendritic GABA release. The zero Ca2+, 4 mM MgZ+ experiments (above) showed that the bicucullinesensitive AHP is Ca*+ dependent, arguing against Ca2+-independent somatodendritic release. To distinguish between axoand dendrodendritic synaptic GABA release, we blocked action potential conduction with TTX and simulated somatic action potentials with a 4 msec depolarization to +40 mV. In three of six cells, TTX completely blocked the bicuculline-sensitive AHP, while in the other three cells, TTX blocked >90% of the bicuculline-sensitive AHP, leaving a residual AHP with a slow onset and long duration (Fig. 7) . Both nondelayed and delayed AHPs were fully blocked by TTX, suggesting that differences in TTX sensitivity were not due to axo-as opposed to dendrodendritic release.
Functional impact of intrinsic GABA synapses on nAcc information processing Since most intrinsic GABA synapses in the intact nAcc are made by medium-spiny neurons onto neighboring medium-spiny neurons and inputs to the nAcc are topographically organized, we propose that the functional impact of intrinsic nAcc GABA synapses may be examined using autapses as a model (see Discussion). To examine this, we compared the responses of nAcc cells to pairs of short-duration current pulses, mimicking two consecutive synaptic inputs, prior to and during bicuculline. Although the two pulses were identical and the first one reliably evoked an action potential, the second pulse failed to do so when the interval between the pulses was less than 500 msec (Fig. SA) . By attenuating the AHP, bicuculline significantly shortened the postspike inhibition period so that a spike could be triggered by the second pulse within as little as 200 msec. We examined this effect further in two experiments by comparing the frequency of stimulation to the frequency of evoked spikes (Fig. 8B) . At low frequency (l-2 Hz), cells fired to each pulse. As the stimulation frequency was increased, the cells no longer faithfully translated each stimulation into a spike. In fact, the output frequency reached a maximum at 2 Hz, despite input frequencies of 10 Hz. Bicuculline extended the one-to-one input-output relation to about 10 Hz.
The effects of GABA autapses on the responses of nAcc cells can also be seen with depolarizing current pulses of different intensities. These GABA synapses had no effect on subthreshold stimulation-induced membrane responses (as they were not modified by bicuculline). As the stimulation intensity reached threshold, however, the response of the cell changed dramatically. Under control conditions, only a limited number of spikes could be evoked and the cell usually fired in a single-spike mode. In the absence of GABAergic inhibition (i.e., in the presence of bicuculline), the same depolarizing step evoked many more spikes and, in many cases (n = 1 S), a prolonged depolarization with a superimposed burst of spikes occurred (Fig. SC) . In bicuculline, Figure 5 . Visualization of recurrent collaterals of medium-spiny neurons. A, A nAce cell with a large, delayed bicuculline-sensitive AHP was filled with sulforhodamine (10 PM), and is shown in a photomontage of different focal planes (printed as a negative), revealing three main dendrites and one recurrent axon. The recurrent axon collateral contacts the cell body (three down-going arrows, lower right), then runs parallel to one dendrite (three down-going urrows, middle; enlarged twice in B), and intertwines with more distal dendritic processes (seven arrows, upper left; area identified by four downward-going arrows is enlarged twice in C). B, Unlike the dendrites, which are thicker, of tapering diameter, and end within a few hundred microns of the cell body, the axon is thinner, of uniform diameter, and extends over a thousand microns (not shown). C, Axon collaterals can he seen to come into repeated close apposition with dendritic branches. when the depolarizing current step was further increased, cells often went into depolarization inactivation (see Fig. 11A ).
Modulation of input-output relations by baclofen and other GABA-active drugs To examine the possibility that intrinsic GABA synapses are an important site of action for transmitters and drugs that modulate information processing in the nAcc, we applied other GABA-active drugs, starting with the GABA, agonist baclofen. Baclofen (lo-100 PM) had a direct postsynaptic action seen in a hyperpolarization or outward current in 85% of the nAcc cells in culture (n = 20; Figs. 9A, 10B). These effects were reversibly blocked by the GABA, antagonist CGP35348 (500 PM, n = 3; Fig. 9B ). In the 15% of cells where no noticeable change in resting membrane potential or current occurred, baclofen still decreased cell excitability (Fig. 1 OA) . In addition to its effect on resting membrane properties, baclofen (l-l 00 MM) attenuated GABA PSPs (Fig. 9A) . Since baclofen had no effect on muscimol responses (Fig. 9C) , this latter action of baclofen occurs via presynaptic inhibition.
The combined effects of baclofen on the excitability of the cell and on synaptic function dramatically changed the inputoutput relation. With small-amplitude input, baclofen suppressed output via its postsynaptic action of increasing spike threshold. As input became large enough to evoke multiple spikes, baclofen greatly enhanced the response of the cell by its presynaptic action (Fig. 9A) . The modulatory effect of baclofen could be straightforwardly demonstrated with a ramp depolarization as shown in Figure 9B ; initial spikes were delayed in baclofen (i.e., a stronger depolarization was needed to evoke a spike), while later spikes were more numerous.
We used this ramp depolarization to compare the effects of other agents on nAcc cells. As shown in Figure 11 A, bicuculline amplified the response of cells to suprathreshold stimulation by blocking GABAergic inhibition. However, this effect was not accompanied by a change in cell excitability, as seen in the constant latency of the first spike evoked. In addition, during bicuculline cells went into depolarization inactivation with higher levels of current injection, whereas the same cells continued to fire during baclofen at high frequency even with much higher current injections (Fig. lOB , same cell as shown in Fig. 11A ). The benzodiazepine flurazepam (10 PM) also had no effect on spike threshold, but decreased the response of cells to suprathreshold stimulation by potentiating the bicuculline-sensitive AHP (six of six cells; Fig. 11B) . Similarly, the GABA uptake blocker nipecotic acid (200 PM) potentiated the bicuculline-sensitive AHP and decreased suprathreshold stimulation-induced responses (three of four cells tested). However, in these same Nucl eus Accumbens GABA Synapses Figure 6 . Autaptic GABA release is Cal+ dependent. A, In this cell, an action potential triggers a large bicuculline-sensitive AHP, 100 PM bicuculline blocks the autaptic potential (middle left and dotted line at bottom). Perfusion of zero Ca'+ medium produces a similar effect (top right), and the remaining AHP is not affected by bicuculline (middle right), suggesting that autaptic release is totally blocked by removal of Cal+ Traces are averages of five recordings; spike peaks are truncated. B, Muscimol (40 FM, applied in 0.5 set puffs starting at the arrows) produces an outward current, which is blocked by bicuculline (first row oftruces) but not by TTX (second row). Zero Cal+ medium has no effect on muscimol-induced outward current (third row), whereas Cd" (100 FM) markedly attenuates it (fourth row).
cells, nipecotic acid also increased spike threshold ( Fig. '11C) ; this was not mediated by a change in membrane potential, as nipecotic acid either had no effect or slightly depolarized cells.
Discussion
The present work shows that the AHP of postnatal mediumspiny nAcc cells in culture results mainly from the autaptic release of GABA acting at GABA, receptors. This is supported by the observations that the bicuculline-sensitive AHP (1) can be reliably evoked by the action potentials in the recorded cell with a short, fixed latency, (2) Figure 7 . TTX-insensitive component of bicuculline-sensitive AHP in some cells. A, Under control conditions, a depolarizing current pulse triggers an action potential and a large AHP that is blocked by bicuculline (50 FM). B, In TTX (1 wg/ml), a brief depolarization (4 msec, +40 mV) to mimic an action potential evokes a small, slow GABA,-mediated AHP. This is observed in about 50% of cells that had a bicuculline-sensitive AHP. Traces are averages of five recordings; spike peaks are truncated. A, When an nAcc cell is stimulated with a pair of current pulses of sufficient amplitude that the first pulse is suprathreshold, the second pulse fails to trigger a spike it if is applied within 550 msec. In bicuculline (50 PM), the second pulse triggers a spike within 200 msec. B, This frequency-limiting action of the bicuculline-sensitive AHP strongly affects the input-output relation. In this cell, repetitive current pulses are applied at increasing frequency. At low frequency (< 2 Hz), each input triggers a spike, while above 2 Hz, the output of the cell shows no increase in firing rate. Bicuculline (50 FM) extends the linear inputoutput relation to about 10 Hz. The inset shows recordings during 10 Hz stimulation before and after bicuculline. C, Bicuculline can also induce burst firing. Under control conditions, a depolarizing current pulse evokes only a single spike followed by a large AHP (top truce), while 50 PM bicuculline (bottom truce) blocks the AHP (not shown), resulting in a prolonged depolarization that triggers a burst of spikes.
GABA,-mediated AHPs (W.-X. Shi, unpublished observations). The reliable presence of GABA autapses in nAcc culture provides a model system to examine individual intrinsic GABA synapses. While evoked PSPs in intact preparations include inputs from several classes of synapses, autaptic PSPs are mediated by a single class of synapses, just those of the recorded cell. Furthermore, pharmacological characterization of autapses immediately identifies the transmitter status of both presynaptic and postsynaptic elements. Since GABA synapses between medium-spiny neurons, like autapses, are also formed by axon collaterals synapsing on medium-spiny neurons, medium-spiny neuron autapses likely model the principal intrinsic GABA synapses of the nAcc.
Mechanism of hicuculline-sensitive AHPs
In striatal cell culture, the majority of GABA release arises from Ca2+-dependent exocytic release and the minority from Ca2+-independent reversal of uptake (Pin and Bockaert, 1989) . The fact that bicuculline-sensitive AHPs are completely blocked by set puffs starting at arrows) induces an outward current that is reversibly blocked by concomitant application ofthe GABA, antagonist CGP35348 (500 FM). C, Baclofen (100 FM) shows no effect on muscimol (40 PM, 0.5 set puffs) outward currents, suggesting that baclofen presynaptically inhibits autaptic PSPs.
impeding CaZ+ influx argues against a role for reversal of GABA uptake. Moreover, we have shown that the GABA uptake blocker nipecotic acid augments the bicuculline-sensitive AHP rather than attenuating it.
Ca"-dependent AHPs could occur via axo-or dendrodendritic autaptic transmission.
One supposition might be that the delayed bicuculline-sensitive AHP components are mediated by axodendritic autapses and those without delay by dendrodendritic autapses. However, this appears unlikely for the followings reasons. The large amplitude of autaptic as compared to synaptic potentials arising from activation of single GABAergic neurons in more intact preparations (cf. Miles, 1990 ) implies that autaptic potentials likely involve multiple release events at several active zones. This is consistent with our dye fills showing several sites of axodendritic interaction. The lack of multiple components in bicuculline-sensitive AHPs, their fixed latency, and sharp onset imply that these multiple release events are nearly simultaneous.
This can best be explained by conduction times in axon collaterals extending over some distance before they branch relatively near their terminals.
AHPs without delay could be mediated by shorter axon collaterals or dendrodendritic interactions. To distinguish between these possibilities, we used TTX to block Na+-dependent regenerative activity and mimicked the somatodendritic action potential with a sharp depolarizing pulse. Passive electrotonic spread of such a pulse would be expected to activate proximal dendritic release sites (if they exist) but fail to reach all but the closest axonal sites. We found that TTX blocked the bicucullinesensitive AHP in half of the cells examined, arguing in favor of axonal mediation.
In the other half of the cells where TTX was not completely effective, the residual bicuculline-sensitive AHP was both too small and too slow to contribute significantly to the nondelayed bicuculline-sensitive AHP. Furthermore, cells with delayed AHPs also showed this residual, TTX-insensitive component of the bicuculline-sensitive AHP, arguing that it arose by a mechanism distinct from axodendritic release. Finally, bicuculline-sensitive AHPs without delays also never showed multiple components, arguing that dendritic action potentials with their multiple components (cf. Regehr et al., 1993) suppresses the response of the cell to sub-or near-threshold stimulation (seen in the delayed appearance of the first spike during baclofen) and, at the same time, increases the response of the cell to suprathreshold stimulation (see as more spikes at higher current during baclofen). The differential effects of baclofen on sub-and suprathreshold stimulationinduced responses are seen clearly in a plot of spike number versus stimulation current.
do not contribute significantly to autaptic PSPs. Thus, both delayed and nondelayed bicuculline-sensitive AHPs are likely to be mediated by recurrent axon collaterals; in addition, there may be a minor component of autaptic exocytic release from dendritic sites.
Localization of GABA receptors on medium-spiny neurons in culture
In agreement with brain slice results (Uchimura and North, 199 l), we find that medium-spiny nAcc neurons express both GABA, and GABA,, receptors, as demonstrated by responses to muscimol and to baclofen. Autaptic potentials are solely GA-BA, mediated, while GABA,, receptors mediate presynaptic inhibition and somatodendritic hyperpolarization. Thus, both GABA, and GABA,s receptors appear to be nonuniformly distributed on nAcc cells in culture. In particular, GABA, receptors appear to show preferential localization to postsynaptic sites and GABA, receptors to presynaptic terminals. While GABA, receptors appear also to be present on somatodendritic membranes, they are either diffusely distributed at low density or actively excluded from postsynaptic sites. These results are consistent with subcellular localization studies of GABA, receptors in the intact cerebellum (Somogyi et al., 1989) and in cultured cerebellar (Caruncho et al., 1993) , hypothalamic (Ventimiglia et al., 1990) , or cortical (Frosch and Dichter, 1992) neurons showing that GABA, receptors are differentially distributed on Figure 11 . Modulation of the inputoutput relation of nAcc cells by other GABA-active agents. A, Bicuculline (50 PM, dotted truce), applied to the same cell as shown in Figure 9B , significantly enhances the response of the cell to strong stimulation without an effect on spike threshold. Different from baclofen, the same ramp depolarization in bicuculline drives the cell into depolarization inactivation. Both the raw data and spike number versus current plots are shown below for each drug tested. B, In another cell, the benzodiazepine flurazepam (10 PM, dotted trace) potentiates the AHP and markedly reduces the response to suprathreshold stimulation. C, In another cell, the GABA uptake blocker nipecotic acid (200 PM, dotted trace) attenuates the response to suprathreshold stimulation. At the same time, however, it also suppresses the response to low-intensity stimulation (seen in the delaved aDnearance of the l&t spike). _ --Current (PA) central neurons and usually clustered at postsynaptic sites. Similar studies of GABA,, receptor distribution have yet to be done.
Synaptic role of GABA, receptors It is possible that while GABA, receptors are preferentially associated with the synapses formed by local axon collaterals, postsynaptic GABA, receptors are localized to synapses formed by inputs from GABA interneurons or GABA afferents to the nAcc. We assume that medium-spiny to medium-spiny synapses have the same properties, regardless of whether the preand postsynaptic elements originate from the same or different medium-spiny neurons. Indeed, in postnatal striatal cultures, medium-spiny to medium-spiny inhibitory connections are exclusively GABA, mediated (Dubinsky, 1989) . The presence of different GABA receptor subtypes on the same cell that are activated by different inputs has been reported in the amygdala (Sugita et al., 1992) , ventral tegmental area (Johnson et al., 1992; Sugita et al., 1992) , and hippocampus (Lacaille et al., 1987) . In hippocampal microcultures, GABA PSPs in excitatory cells show both GABA, and GABA,, components (Segal and Furshpan, 1990; Segal, 199 I) , while GABA PSPs in inhibitory cells show only the GABA, component (M. M. Segal, personal communication) . Together with our observations, this suggests that even though GABA neurons express GABA, receptors, GABA inputs to these cells interact preferentially with GABA, receptors. This would argue against the likelihood of synapses onto presynaptic terminals of medium-spiny neurons mediated by GABA, receptors. Possibly, in the intact nAcc, GABA, receptors are activated by ambient GABA and do not participate directly in synaptic transmission. This is consistent with the observation that GABA PSPs evoked by intra-nAcc stimulation (during glutamate receptor blockade) that should activate all GABA inputs are blocked completely by bicuculline (Uchimura and North, 199 1) . Several brain slice studies show that baclofen inhibits intranAcc stimulation-evoked PSPs mediated by GABA as well as by glutamate (Calabresi et al., 199 1; Uchimura and North, 199 1; Nisenbaum et al., 1992) , consistent with a more general modulatory role. Unlike in culture where ambient GABA levels appear to be quite low (as evidenced by the usual lack of a Current (PA)
Current (PA) bicuculline effect on resting membrane potential), in the intact brain ambient GABA levels, which are significant (Campbell et al., 1993) , are likely to exert a continuous modulation of GABA release via GABA, receptors. Additionally, higher-frequency activation of GABA synapses could be self-limiting, due to action of synaptically released GABA on presynaptic GABA, receptors, as has been observed in the hippocampus (Davies et al., 1990; Isaacson et al., 1993) .
Intrinsic GABA svnapses and nAcc neural circuitry Most GABA synapses in the nAcc arise from recurrent collaterals of medium-spiny neurons (cf. Groves, 1983; Gerfen, 1988; Smith and Bolam, 1990) and are likely to play an important role in nAcc information processing. Based on the overlapping axonal pattern restricted to the dendritic field of the parent cell (Bishop et al., 1982; Penny et al., 1988; Kawaguchi et al., 1989 Kawaguchi et al., , 1990 O'Donnell and Grace, 1993) , the majority of mediumspiny neurons likely project to immediately neighboring medium-spiny cells and mediate a lateral inhibition important in spatial and temporal filtering of afferent input (Groves, 1983) . Several earlier studies in the intact brain and in the slice had suggested that the GABAergic medium-spiny neurons of the striatum make autaptic connections (Park et al., 1980; Preston et al., 1980; Katayama et al., 198 1; Lighthall and Kitai, 1983) . More recently, however, this has been refuted both functionally (Pennartz and Kitai, 199 1) and morphologically (O'Donnell and Grace, 1993) . However, if recurrent axons fasiculate with the dendrites of the parent cell in the intact nAcc as they do in culture, serial ultrastructural examination of individually labeled cells would be required to rule out autaptic interactions definitively. In any case, what is striking is that unlike most mammalian neurons in monolayer cultures, nAcc medium-spiny neurons almost invariably form autapses. This also appears to be the case for striatal neurons in culture where the AHP increases in size with a time course paralleling the development of inhibitory synaptic connections (Dubinsky, 1989 ). In contrast, ventral tegmental area dopamine neuron axons in culture tend to avoid the dendrites of the cell of origin and instead project radially over considerable distances  S. Rayport, unpublished observations), and hippocampal glu-tamatergic neurons only make autapses when constrained in microcultures (Segal and Furshpan, 1990; Bekkers and Stevens, 1991) . So, while the current evidence suggests that mediumspiny neurons do not form autapses in vivo, the propensity with which they do so in culture suggests that medium-spiny neurons might form autapses under pathological conditions where the cells are deprived of their normal targets as they are in culture.
Whether medium-spiny neurons feed back only onto their neighbors or onto themselves as well may not be functionally consequential because of the topographic organization of cortical and midbrain projections (Groves, 1983; Smith and Bolam, 1990) . Neighboring medium-spiny neurons likely receive similar afferent input, so excitatory afferents would be expected to activate neighboring cells and their axon collaterals, leading to similar patterns of recurrent inhibition.
Therefore, GABA synapses between the adjacent cells would be functionally equivalent to autapses (Fig. 12 ) and the information we have gleaned from autapses is likely to generalize to GABA synapses formed by neighboring medium-spiny neurons receiving similar synaptic input.
Possible roles of recurrent synapses in nAcc information processing
Recurrent GABA synapses may modulate the response of medium-spiny neurons to input of different frequencies and intensities. In culture, autapses act as low-pass filters to inhibit responses to high-frequency stimulation. This function ofautapses was initially described in Aplysia (White and Gardner, , 198 1) .
As they are only active when cells fire, autapses do not affect subthreshold stimulation-induced membrane responses or spike threshold, while they potently influence responses to suprathreshold stimulation.
The removal ofrecurrent inhibition with bicuculline leads to stronger responses to given synaptic inputs as well as to bursting, which is never seen under control conditions, even with much stronger stimulation.
Although the functional significance of burst firing in nAcc cells is unknown, studies in other preparations suggest that bursting increases transmitter release (Bloom et al., 1987; Gonon, 1988; SuaudChagny et al., 1992) and may favor cotransmitter release (Lundberg et al., 1986; Whim and Lloyd, 1989) .
Additionally, when recurrent GABA synapses are blocked with bicuculline, stronger stimulation may drive cells into depolarization inactivation, so a further role of recurrent GABA synapses may be to prevent depolarization inactivation.
In the intact brain (cf. Campbell et al., 1993) where ambient GABA levels are likely much higher (in culture most of the time bicuculline has no effect on resting membrane potential), bicuculline could also exert similar effects on medium-spiny neuron activity by disinhibition of dendritic Ca'+ spikes. As previously suggested by van der Loos and Glaser (1972) it is likely that local axon collaterals synapse on only a subset of dendrites, leading to selective shunting of synaptic inputs. Indeed, Park et al. (1980) have shown that in the striatum, recurrent synapses selectively inhibit the input from the substantia nigra but not from the cortex. If so, cortical inputs could take over control of cell firing by activating intrinsic GABA synapses on dendrites receiving competing nigral input.
Modulation of nAcc information processing by agents acting at intrinsic nAcc GABA synapses Our data demonstrate that intrinsic nAcc GABA synapses may be finely tuned by several GABA-active agents. Thus, bicucul- would normally receive descending excitatory input form GABA autapses. B, In the intact nAcc, neighboring medium-spiny neurons receive similar descending input due to the topographic organization of projections to the nAcc and send recurrent collaterals to nearby mediumspiny neurons. Since excitatory synaptic inputs would activate both cells simultaneously, the two-cell configuration should be functionally similar to the autaptic configuration. Thus, GABA autapses in culture may model in vivo interactions between neighboring medium-spiny neurons.
line inhibits recurrent PSPs and significantly improves the highfrequency response, while agents strengthening recurrent PSPs such as benzodiazepines have the opposite effect. As reported in the nAcc slice (Uchimura and North, 199 l) , baclofen causes a direct hyperpolarization.
The consequence is that larger depolarizing currents are needed to bring nAcc cells to threshold. GABA, receptors also mediate a more prominent presynaptic inhibition in the nAcc (Uchimura and North, 199 l), as we have found for autaptic connections, leading to an enhanced response to suprathreshold stimulation. If one assumes that the sub-or near-threshold stimulation, such as that induced by random or nonsynchronized synaptic input, is noise and that suprathreshold stimulation constitutes signal, then baclofen improves the signal-to-noise ratio. An increase in the signal-to-noise ratio could account for the behavioral changes associated with local injection of baclofen in the nAcc. Several groups have reported that baclofen inhibits spontaneous as well as dopamine-induced locomotion, which would be consistent with an increase in nAcc output (Kerwin et al., 1979; Plaznik et al., 1990; Stefanski et al., 1990; Wong et al., 199 1) . However, the previous reports of the cellular effects of baclofen predict that baclofen should decrease nAcc output if it directly hyperpolarizes nAcc cells and inhibits glutamatemediated synaptic potentials (Uchimura and North, 199 1) . Baclofen has also been found to increase the release of dopamine (Kovalev and Hetey, 1987) a transmitter believed to have a potent inhibitory effect on nAcc output. We suggest that these effects of baclofen may serve mainly to suppress synaptic noise in the nAcc and it is the effect of baclofen on GABA synapses between medium-spiny neurons that is responsible for the increased output of the nAcc. Similar to baclofen, bicuculline also increases the signal-tonoise ratio; however, it has no effect on subthreshold stimulation (i.e., noise) and improves the signal response only to moderate stimulation. With strong stimulation, cells often burst and then go into depolarization block, while during baclofen, cells continue firing at high frequency even with strong depolarization. Several factors may contribute to the difference between baclofen and bicuculline: (1) baclofen, in addition to its presynaptic action, also hyperpolarizes cells, which would reduce the tendency of cells to go into depolarization inactivation; (2) the large depolarization that leads to depolarization inactivation after removal of autaptic inhibition may be mediated by an inward Ca*+ current; baclofen may inhibit this current as it does in other brain areas (e.g., Dolphin and Scott, 1987; Sah, 1990; Bindokas and Ishida, 199 1; Marchetti et al., 199 1; Tatebayashi and Ogata, 1992) ; (3) an excitatory cotransmitter (e.g., substance P) coreleased with GABA would no longer be opposed during bicuculline inhibition of GABA action, while baclofen in its presynaptic action would inhibit the release of both transmitter and cotransmitter. At present, the relative importance of the latter two factors in the generation of the large depolarization is unknown. Nevertheless, depolarization inactivation of nAcc cells observed during bicuculline may provide another explanation for why local infusion of bicuculline in the nAcc, as well as picrotoxin, leads to an increase in the locomotor activityan indication of decreased nAcc output Wong et al., 1991) . There are, however, other possibilities, one of which is that bicuculline removes tonic GABA inhibition of DA terminals leading to an increase in DA release, which in turn inhibits nAcc output.
The benzodiazepine flurazepam and the GABA uptake blocker nipecotic acid each enhance autaptic PSPs. This should dampen cell responses to suprathreshold input. In some cells, nipecotic acid also increases spike threshold. If the signal-to-noise ratio is considered, flurazepam decreases the ratio, while nipecotic acid has little or no effect, as it decreases both signal and noise. Since behavioral studies with local infusion of these drugs have yet to be done, it is not clear how important their effects on intrinsic GABA synapses are in the observed behavioral changes. Nevertheless, the differential effects ofthe several GABA drugs discussed here point to the importance of intrinsic GABA synapses in regulating the signal-to-noise ratio in the nAcc response to excitatory afferent inputs.
In summary, we find that most nAcc medium-spiny neurons in culture form GABA autapses. Although their existence in viva has not been convincingly demonstrated, GABA autapses in culture provide a simple system to examine nAcc GABA synapses formed by local axon collaterals of medium-spiny neurons. Our results-which may generalize to intrinsic nAcc GABA synapses-suggest a substrate for the action ofneurotransmitters or drugs that dynamically modulate the input-output operations of the nAcc. Aberrant activity, either intrinsic to the synapses or due to aberrant modulation by other transmitters, may change the responses of nAcc cells to their inputs, and thus contribute to the diseases thought to be due to disordered inputs into the nAcc. Moreover, drugs acting at these synapses may prove effective in ameliorating disordered inputs putatively involved in disorders such as schizophrenia.
